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Project Summary 
The Achilles tendon is one of the most commonly damaged tendons in the human body (Hansen 
et al. , 2012). Current surgical and therapeutic techniques require extended recovery time and the 
tendon is rarely returned to its original healthy state . For athletes in particular , strenuous 
rehabilitation is required to return from a serious injury like a ruptur ed Ach illes tendon (Rosso et 
al. , 2013). 
Despite the high amount of sources for grafts to aid in surgica l repair , all of the options have 
drawbacks such as availability , immune respon se, or poor mechanical properties . Spider silk has 
the potential to enhance current Achilles tendon repair techniqu es resulting in shorter patient 
recovery times and improved tendon strength and mobility after repair by allowing for early 
movem ent of the dama ged tendon , which prevents scar formation and promotes growth (James et 
al. , 2008). 
For an artificial tend on to be successful it must have a high enough tensile strength and a 
modulus that is equal to the native tendon. The desired properties , yield strength and stiffness , of 
a human Achilles tendon have been matched using a silkworm silk device made of 100 cords , 
built from single fibers. A twisting method was developed to lower the stiffness properties of the 
device to better match that of a natural tendon. The dimensions of the final device are 
comparable to a native tendon but could still be optimized further with additional investigation s. 
Biocompatibility studies have been performed on various types of silk threads by growing 
Chinese Hamster Ovary (CHO) cells on their surfaces in vitro. Native silkworm silk with/without 
sericin , transgenic silkworm silk with/without sericin, and synthetic spider silk single fibers have 
been explored for their biocompatibility potential. Under optical microscopy , transgenic 
silkworm silk without sericin was found to be biocompatible when compared with the positive 
control of native silkworm silk without sericin. In addition , synthetic spider silk samples 
submerged in isopropyl alcohol (IPA) and washed with phosphate buffered saline (PBS) solution 
are preferred over those without this treatment , but these washed fibers were not shown to be 
biocompatible . 
Existing attachment methods have been investigated , which are compatible with a final 
transgenic silkworm silk device . The MyoCoupler principle or a similar device would be used 
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for the tendon-muscle attachment and repair of damaged tendon , while an anchor plug would be 
used for the tendon-bone attachment site. Both of these methods are relatively non-invasive for 
this type of injury and have been proven to work best in real applications. 
Aims 
The main goal of this project is to evaluate the viability of using silkworm silk and synthetic 
spider silk as a replacement/healing aid for damaged tendons in the human body. Recently , 
several developments have occurred in the area of biocompatible synthetic tendon grafts. These 
devices greatly increase the chances of a successful operation and recovery; however, a large 
recovery period is still required. By harnessing the strengths and properties of spider silk it 
should be possible to create a synthetic device that will augment the native tendon and enhance 
the repaired tendons strength . This device would greatly reduce the healing time by supporting 
the native tendon and fostering natural healing and preventing scar tissue formation. 
The specific aims are as follows: 
• Design a device that is composed of silkworm silk and synthetic spider silk that will 
mimic or exceed the natural strength , size , function , shape , and stiffness of a human 
Achilles tendon. 
• Design attachment method s and conditions that will complement the artificial tendon and 
support the damaged native tendon simultaneously. These methods and conditions 
should be relatively non-invasive and designed to prevent exacerbating the injury if 
possible. 
• Design simple biocompatibility tests and parameters that will allow the feasibility of the 
device to be evaluated. 
The specific design criteria to evaluate the aims against are as follows: 
• The design must have a yield strength and stiffness that is approximately 2904 .6 N and 
237.6 N/mm respectively , which are the average values for a natural Achilles tendon. 
• The design must have dimensional parameters that will allow the final device to be 
significantly similar to a natural Achilles tendon. 
• Attachment methods must be hypothetically non-invasive and demonstrate high potential 
for the ability to hold the device in place. 
• For a type of silk to be considered potentially biocompatible , it must show adequate 
ability to support cell attachment and growth. 
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Background 
Achilles Tendon Anatomy: 
The Achilles tendon or calcaneal is the largest and strongest tendon in the human body . It 
connects the calf muscles to the heel bone , so it is located in the posterior superficial 
compartment of the lower leg (Doral et al., 2010). It is also the most frequently damaged tendon , 
especially among athletes and people engaging in consistent physical activity . The average 
Achilles tendon is approximately 68 mm in width at its origin ( calf muscles connection) , thinner 
near the midsection , 60.78 mm2 in cross-sectional area, and 150 mm in length. Tendon rupture 
usually occurs 20-60 mm above the heel-tendon connection. Achilles tendons are subject to 
extremely high loads during physical activity. The Achilles tendon supports loads of 9 kN (12.5 
times that of body weight) during running , 2.6 kN during walking, and less than l kN during 
cycling (Doral et al., 20 l 0). When at rest, the Achilles tendon is wavy in appearance but when 
stretched over 2% its unstressed length , it loses this wavy configuration and the fibers align in a 
linear fashion as seen in Figure 1 below. Strain levels up to 4% are generally considered normal 
but strains above 4% usually result in the collagen fibers sliding past each other as the links 
between them are broken. Achilles tendon rupture occurs at strain levels exceeding 8% with 
minor failures occurring earlier (Doral et al., 2010). Figure 2, below, provides a visual reference 
to a typical stress-strain curve for a human Achilles tendon. 









Figure 2. Stress-strain curve of an Achilles tendon (Doral et al ., 2010). 
Achilles Tendon Properties: 
The high incidence of Achilles tendon injuries is related to its inability to withstand the 
mechanical loading associated with increased physical activity. It has been suggested that the 
human Achilles tendon experience s higher in vivo stresses than most other tendons (Wren et al. , 
2001 ). Ker et al. (1988) estimated that while most tendons experience peak stresses below 30 
MPa , the human Achilles tendon experiences peak stresses around 67 MPa. Komi et al. (1992) 
reported peak stresse s of 59 MPa for walking and 111 MPa for running in two subjects who had 
buckle transducers attached to their Achilles tendons. 
Material properties have been reported for many tendons. Young ' s modulus values are generally 
in the range of 500-1850 MPa (Yamamoto et al., 1992; Danto and Woo , 1993; Johnson et al. , 
1994) . Failure stresses are in the 50-125 MPa range (Yamamoto et al., 1992; Johnson et al., 
1994; Noyes et al., 1984; Butler et al., 1986; Haut et al., 1992; Nakagawa et al., 1996). Nominal 
failure strains are 13-32% for bone-tendon-bone specimens (Butler et al., 1986; Haut et al., 1992) 
and 5-16% for the tendon midsubstance (Yamamoto et al., 1992; Johnson et al., 1994; Nakagawa 
et al., 1996). 
The material properties of tendons and ligaments depend , in part , on the rate at which the tendon 
or ligament is loaded . Most studies find higher failure stresses and failure strains at faster strain 
rates, although significant changes in modulus are often not observed due to the viscoelastic 
nature of biological materials (Wren et al., 2001 ). 
Wren et al. (2001) reported that all non-avulsed specimens failed in the distal half of the tendon. 
The tendon has its smallest width in this region , which corresponds with the location of most in 
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vivo Achilles tendon ruptures . As seen on Table 1, the lower rate is considered quasi-static , while 
the higher rate represents physiologic activities such as walking (Wren et al. , 200 l ). 
Table 1. Properties of human Achilles tendon (Wren et al., 2001 ). 
Mean (SD) mechanical prope rt ies of the human Achilles tendon from gro uped data • 
Mod ulus (MP a) 
Fai lure load (NJ 
Fa, lur e str ess (MPa) 
Failure s train ('¼,) 
Bone-tend o n complex 
Tendon substance 
Ra te 
I mm s 1 (11 = 9) 
8 16 (218) 
461 7 ( 1107) 
7 1 ( 17) 
12.8 ( 1.7) 
7.5 (I.I) 
IO mm s 1 ( 11 = 9) 
822 (211) 
5579 ( 1143) 
86 (24) 
16. 1 (3.6) 
9.9 (1.9) 
Co mb ined (11 = 18) 
8 19 (208) 
5098 ( 1199) 
79 (22) 
14.5 (3 .2) 
8.8 ( 1.9) 
"T he I mm s I rate correspo nds with a strain rate of approxi mate ly 1% s 1• T he 10 mm s I ra te co rrespond with a strain rate of approx ima tely 
IO"/., s I. 
Structure and Function of Tendon: 
Tendons are compact fibrous bundles of connective tissue that attach muscles to bones and allow 
for movement. Generally speaking, tendons are composed mostly of collagen, have parallel 
structures , and may often exhibit elastic properties (Vorvick, 2012). Tendons are essential in the 
connection of muscle to bone because the tissue is capable of withstanding the large tension 
forces associated with body movement. The function of a tendon is to transmit force created by 
the muscle to the bone and to generate movement ; thus , the tendons are part of a bone-tendon-
muscle-tendon-bone complex. The tendon is composed primaril y of type I collagen , the major 
fibrillar collagen in the body , organized into fibrils as seen in Figure 3 below . The fibrils are 
assembled into parallel arrays of fibers , which are then organized into fiber bundles and whole 
tendons (Towler and Gelberman , 2006). The parallel bundles of collagen fibers are aligned in the 
direction of the load applied (Woo et al., 2005) . This alignment allows the tendon to be stronger 
than the muscle and to match the tensile strength of the bone . Its elasticity and flexibility allows 
the tendon to act in between the muscle and the bone without losing energy (Roshan, 2007). 
This also means it is prone to damage because of the energy it receives and the repetition of its 
function. In contrast , ligaments function by attaching bone to bone, and are present around all 
joints , functioning to stabilize the movement in the joint (WebMD, 2011). However , the 
structure of ligaments is similar to tendons as well as the attachment sites at the bone. So if 
negative aspects of ligament designs, such as shear stresses or toe regions , could be overcome 
then the materials used for this design could be applied to ligaments as well. This would 
demonstrate the flexibility of potential designs and the materials and methods used in this design 
process . 
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Figure 3. Simplified tendon structure (University of Michigan , 2011) . 
The collagen I molecule consists of two identical chains (al) and an additional chain that differs 
slightly in its chemical composition (a2) . These assemble into micro-fibrils in a quarter-
staggered array , by electrostatic forces, that is then stabilized by the formation of intermolecular 
crosslinks , providing the tensile strength to the microfibrils. Further maturation of these 
crosslinks infers additional mechanical properties to the fibrils and fibers. Other collagens (for 
example , collagens III , V) and proteoglycans (including biglycan and decorin) participate in 
matrix organization and stabilization. The cells of the tendon or tenocytes, elongated fibroblast 
type cells , are responsible for the synthesis of the tendon , its maintenance , and repair (Benjamin , 
Kaiser , and Milz , 2008). Essentially , the total structure of the tendon is based upon repeating 
units that build upon each other. 
The shape and dimensions of a human Achilles tendon vary depending on the position of the 
tendon and if the tendon is loaded or not. Generally speaking the Achilles tendon is widest near 
the muscle interface. Because of this integration it is often difficult to determine the actual 
dimensions of the tendon near the attachment sites. When the tendon is fully isolated though , it 
is possible to determine the actual dimensions . The general recorded values for the length of the 
Achilles tendon are usually between 117 mm and 190 mm depending on the method used for 
collection (Pang & Ying, 2006; Waugh et al., 2012) . The width of the Achilles tendon is the 
dimension that varies along the axis of the tendon. As described earlier , it is widest towards the 
top , narrows in the middle, and then widens again as it integrates with the calcaneus bone. A 
visual aid can be found in Figure 4 below. This narrow area in the middle is where most cases of 
rupture or damage occur (Doral et al., 2010). The thickness of the tendon is fairly consistent 
along the length of the tendon, this thickness value is reported around 5 .1 mm measured from the 
front of the body towards the back of the body (Pang & Ying , 2006). Because of the varying 
width along the tendon the cross-sectional area varies depending on the location but is usually 
reported around 58 mm2 near the thinnest part of the tendon. This is one reason that force vs. 
displacement relations are generally used in conjunction with studying tendon properties. 
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Figure 4. A general schematic view of a typical Achilles tendon (Bupa , 2013). 
Tendons attach to bone at the insertion site , which is characterized by 4 distinct zones: tendon , 
unmineralized fibrocartilage , mineralized fibrocartilage , and bone. These sites are often known 
as entheses. It has been determined that natural repair can occur at these sites (Toumi et al., 
2006). This transition area effectively attaches the tendon to the bone with high strength and 
provides efficient tran sfer of forces from the tendon to the bone (Benjamin et al., 2006). 
Tendon Injury and Treatment: 
Natural Healing: 
Tendons are a commonl y damag ed structure in a human body. It is estimated that there are 2 
million to 7 million tendon injuries annually. Most of these cases require some degree of surgical 
intervention or correction. The annual number of damaged Achilles tendons range from I 00,000 
to 250 ,000 (Glazebrook , 20 l 0) . Given the importance and use of tendons , recovery is usually 
successful ; however this process may often be a long and tedious path that can last up to four to 
six months (Yorvick , 2012). Implant biocompatibility is always an important aspect when 
foreign objects are implemented into the body . Implant rejection often arises when the body 
demonstrates sensitivity to a material used in the implant. Many negative body responses are 
isolated to groups of people who are allergic to certain materials that are common in medical 
implants including many metals (Medical Disability Advisor, 2012). Even silkworm silk from 
Bombyx mori can elicit an immune response if the glue-like-protein sericin is not removed 
completely (Liu et al. , 2007). Yet, sericin plays an important role in the integrity of the fibers. In 
the case of synthetic tissue materials being used in implants , the body may have an immune 
response that results in the body ' s immune system destroying and removing the synthetic 
material. The first step in determining biocompatibility , is to test whether cells are able to grow 
on a sample of the implant material. It has been shown that by using a material that actively 
supports cell growth , healing occurs at a greater rate. Furthermore , it is suggested that by 
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increasing the potential of the biomatrix, the likelihood of the tendon returning to its natural 
properties and values is more likely (Young et al., 1998). Testing adsorption onto implant 
surface is a good indicator of whether cells in the body will grow around the synthetic material. 
Tendons provide the stability to joints by transmitting the forces from muscle. Under normal 
circumstances , tendons smoothly move across bone and various other paths in the body to 
minimize the friction they encounter during movement. When a tendon is damaged , the body 
will naturally begin a healing process. This process is rarely a complete restoration of the 
tendon 's original strength because of the formation of inferior tissue. The body will begin 
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Figure 5. General tendon healing process via natural tissue repair (Lin et al., 2004). 
Difficulty in tendon healing is attributed to various conditions such as tendon location , nutrition , 
disease , and prolon ged immobilizat ion. During the healing process, it is difficult to restore the 
tendon's gliding surfaces, which results in restricted movement (Lin et al., 2004). 
Damaged tendons are classified as either direct or indirect. Acute direct tendon damage occurs 
through non-penetratin g injury such as a sporting injury , or a laceration by a sharp object. 
Indirect damage is brought on by over-stressing the tendon , which is often the result of overuse 
(Lin et al, 2004). 
Suture Implementation: 
Sutures are generally used to repair ruptured tendons. A general procedure involves the threading 
of a single suture into one side of the cut tendon , wrapping it around the tendon , re-threading it 
into the same side of the tendon , and then repeating the process on the other side. The suture is 
then knotted using the free ends, which are placed between the tendon ends . 
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Grafts: 
The suture-tendon site is the most susceptible to damage on a repaired tendon. To help support 
this linkage , grafts are often used. A graft is a secondary material that is laid across the suture-
tendon site to provide additional support during the healing process (Kummer and Iesaka, 2005). 
Due to the bulky and awkward nature of grafts , they are used sparingly when it comes to repair 
unless there is a chronic or dire injury (Corey , 1988). Due to this, the tendon healing process is 
susceptible to injuries and setbacks unless a supporting structure is used. 
Autografts: 
Autografts are the most common grafts for the repair of damaged tendons. An autograft is 
characterized as tissue from a healthy area in the body being transplanted to the damage site. The 
healthy tissue is expected to integrate with the new site , providing structural support along with 
supporting healthy cell growth. Autografts are suggested because they come from the patient's 
own body, minimizing the rejection of the graft . However , drawbacks to autografts include the 
need to make multiple incisions in the patient to retrieve a tendon graft. This may make recovery 
more difficult for the patient. Also , if a patient has had grafts taken before, or if they have more 
than one injured tendon , an acceptable amount of graft tissue may not be available. In this case, 
an allograft is often suggested (Ruiz, 2013). The most commonly used graft sites for Achilles 
tendon repair are the peroneus brevis, flexor hallucis longus , and flexor digitorurn longus 
tendons (Grove and Hardy , 2008). 
Allografts and Xenografts: 
Allografts are similar to autograft s except that they are donated by a healthy patient for use in the 
injured patient. The biggest drawback associated with allografts is rejection of the graft by the 
host. To combat this issue, an allograft can undergo a series of preparations before insertion into 
the host. This includes freezing the tissue to remove the rejection-causing materials . However , 
these actions have a negative impact on the grafts structural properties, making them weaker than 
an autograft (Ruiz , 2013). To avoid bio-compatibility issues , patients can receive an isograft , 
which is an allograft from a person that is genetically similar to them but such situations are rare. 
Another type of graft is the xenograft , which is tissue transplanted from another species into the 
patients injury site. Much like an allograft, this technique risks host immune rejection. Similar 
procedures can be carried out to remove the rejection-causing materials before implementation. 
Synthetic Grafts: 
Various synthetic materials can be used for grafts. The most common are Darcon vascular 
grafts , carbon fiber composites , polyglycol threads , and Matrix mesh (Grove and Hardy, 2008). 
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The advantages of using synthetic materials include the need for only one incision in the patient 
and a virtually unlimited supply of synthetic material for grafts. The main disadvantage is the 
intolerance that may be observed after implantation and limited properties (Grove and Hardy, 
2008). 
Tissue Engineered Grafts: 
Tissue-engineered grafts rely heavily on an appropriate scaffold material that will support cell 
growth and employ optimal mechanical properties. These types of grafts can be altered to 
enhance its reaction to being implemented into an environment such as the human body. Tissue 
engineered grafts biggest advantage is the ability to eliminate biocompatibility issues while not 
necessarily compromising structural properties. Recently, materials such as silk from silkworms 
have been tested for their ability to act as scaffolding material for tissue development (Wang et 
al., 2006). Silk coated in basic fibroblast growth factor POLA has shown promise in providing 
sufficient structural properties to induce healthy tissue healing and provide a substrate that aids 
in cell attachment and growth. Mesenchymal stem and progenitor cells can be obtained to seed 
scaffolds to begin cell proliferation (Sahoo et al. , 2010). 
The above mentioned silk scaffolds have varying degrees of mechanical properties depending on 
the type of braiding or organization of the silk . This type of graft is much more expensive than 
other techniques since these structur es have to be produced. The main obstacle in using silk for 
graft scaffolds is producing a graft with adequate structural and mechanical properties. However , 
increased mechanical properties and low body-rejection rates make it an attractive option. 
Suture and Graft Properties: 
Sutures to aid in Achilles tendon injuries must have specific properties to provide adequate 
support for healing. The strength that a suture will provide is directly proportional to the number 
of suture strands crossing the point of repair. It is a complex issue of how many sutures should 
cross the repair site. Problems arise when an excess of suture braids are incorporated making 
tendons encounter increased resistance. This results in repaired tendons being subject to forces 
up to 50% higher than those of a normal tendon (Viinikainen et al., 2008). This problem could be 
avoided if new suture materials could be developed that have a minimal cross-sectional diameter 
while still retaining optimal strength properties. A synthetic polyester material is commonly used 
for suture braids and has been determined to be the least prone to losing strength after 
implementation (Greenwald et al. , 1994). 
Monofilament materials show the greatest suitability, but the monofilament polyglyconate is 
absorbed too fast by the body making it unreliable. Table 2 shows the breaking loads of possible 
tendon suture materials. 
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Table 2. Breaking load strengths of tendon suture materials (Trail et al. , 1989). 
!Material I~:=:: =L=o=a=d=at=f=a=il=u=re=(=N=e:;;:wt=o=n=s)='=M=e=a=n=S=O==: 
unknotted knotted 
!Mono ,lament polyglyconate (Maxon®) 1 O 23.95 3.78 16.95 1.96 
I ono 1la ent s ainless steel 1 O 21.12 2.15 19.07 2.44 
!Braided polyester (T icron®) 1 O 19.16 1.09 10.32 1.80 
I Braided poryglycolic acid (Dexon®) 1 O 18.97 2.30 12.96 1.51 
16.37 3.81 15.77 3.70 
14.77 1.03 8.26 0.81 
13.76 2.22 11.24 0.90 
12.23 0.87 8.65 1.10 
Silk Properties for Potential Graft Use: 
Silkworm silk is a natural biomateri al that possesses unique characteristics that allow for its use 
in biomaterials. It has extremely high tensile strength and has unique elongation properties. It is 
currently produced on a comm ercial level from the Bombyx mori silkworm. This silk also has 
advantageous medical propertie s with good biocompatibility , biodegradability , and minimal 
inflammatory response in the hum an body when proc essed. To form a structure such as a film for 
potential graft use , silk can be di ssolved in a formic acid solution (Um et al. , 200 I). 
Silkworm silk is coated with a protein layer called sericin. This layer has been found to cause 
human immune-rejection. Sericin is a thick protein consisting of pol ypeptides ranging from 40-
400 kDa in size. It has other prop erties such as being sticky and soluble. It functions in absorbing 
water during silk formation and maintaining the integrity of the cocoons (Freddi et al. , 2003). 
The other main silk component is fibroin , this projects target material. Since it is insoluble in 
water , sericin can be remov ed by placing the silk in a bath of boiling solutions containing soap 
and alkali (Freddi et al. , 2003). Thi s process is known as degumming and allows for the silk to 
be used in medical application s. 
Spider silk is also an exciting material that has potential for implantation into the body. It has 
specific properties that make it one of the strongest materials found in the natural world. Spiders 
have been self-assembling proteins into silk for over 450 million years (Lewis, 2006). Orb-
weaving spiders produce up to seven different types of silk that all have unique physical and 
mechanical properties. These spiders use silk over their entire lifespan to produce webs, which 
are used to trap the spider's prey. The various silks produced by the spider have been compared 
to other materials to determine relative strength , elongation , and energy to break properties. As 
seen in Table 3, the mechanical properties of spider silk are comparable with and even exceed 
those of many materials utilized currently. 
11 
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Although the properties of spider silk can be altered based upon environmental conditions such 
as temperature or humidit y, it is apparent that dragline silk in particular , has potential as a 
valuable biomaterial. There hav e bee n recent studies that show no immune response in animals 
that have had native spider silk implanted in th em (Vollrath, 2002). 
Spider silk has an extraordinary strength that is mostly due to the complex protein structures that 
make up the silk fibers. Four major peptide modul es are found in spider silk that are grouped as 
follows : 1. GPGXX/GPGQQ ; 2. (GA)n /An; 3. GGX; and 4. Spacers. The GPGXX/GPGQQ motif 
has been shown to be involved in ~-turn spir a ls, which g ives the silk its elasticity. (GA)n /An is 
rich in th e amino-acid alanine and has been found to form ~ shee ts, which gives the silk its high 
tensile strengt h . T he GGX modul e forms a heli x tructure and the spacers act as a way of 
breaking the separate module s into clusters (Hinman et al. , 2000). These peptide molecules can 
be visualized in Figure 6. 
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Figure 6. Spider silk modules and motifs (Lewis et al. , 2011). 
Spider silk is hard to produce in large quantities when harvesting from spiders exclusively due to 
their territorial nature. Recently , spider silk genes have been expressed in various organisms such 
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as bacteria, alfalfa, silkworms, and goats with success (Hinman et al., 2000). Producing spider 
silk via synthetic methods adds purification steps before the spider silk can be used for desired 
purposes. The silk must then be spun in a lab to become a fiber. However, this process has been 
shown to produce silk with decreased mechanical properties to that of natural spider silk for most 
silk types. Yet, research is currently being performed to optimize this process and match the 
properties of native spider silk. A few silk types have been processed that have better properties 
than native types. 
Significance and Innovation 
Due to the high occurrence of Achilles tendon injuries and apparent obstacles during surgical 
repair, it is worthwhile to study potential enhancements to current reconstruction techniques that 
would have beneficial impacts . The human Achilles tendon appears to experience higher in vivo 
stresses than other tendons. However , it does not adapt to high in vivo stresses by developing 
correspondingly high material properties. This leaves the tendon at an increased risk of injury 
and may help to explain the high incidence of Achilles tendon injuries (Wren et al., 2001). With 
materials and synthetic molecules advancing at an increasing rate, it is time to give these 
amazing breakthroughs a purpose or potential niche(s). The overall goal of this design process is 
to increase the success rate of damaged tendon repair surgeries and to decrease recovery time for 
patients. The main reason that current surgeries and operations often fail or lead to reduced 
properties is the build-up of scar tissue around the wound site (James et al. , 2008) . Because of 
the build-up of this inferior scar tissue the repair often lacks the original strength. This is due to 
the structure and function of the scar tissues that prevent the natural gliding of the fibers. As 
discussed above the recovery period for a tendon repair can be several months in length and may 
never fully recover. The primary focus of this project was to create a device that would improve 
both areas of recovery time and recovery strength . By inserting an artificial tendon that will 
allow for immediate movement the recovery time can be drastically shortened and the strength of 
the tendon will be restored near pre-injury conditions (Carter et al., 1992). This will be made 
possible by using a renewable and mechanically elite material such as synthetic spider silk. 
During this study , the mechanical properties of silkworm silk and synthetic spider silk were 
tested for their feasibility as a material for tendon repair and grafting. The results have the 
potential to change the techniques currently used for Achilles tendon repair. The intent of the 
project is to demonstrate that silk biomaterials can be used for tendon repairs. It has already 
been demonstrated that spider silk is biocompatible (Kuhbier et al., 210) , however there is 
currently a limitation to obtaining it in necessary quantity and quality. The goal of this project is 
to lay the foundation for future work involving spider silk by using analogous silk structures. It 
may also provide preliminary findings that will lead to the enhancement of other tendon grafts 
that can reduce tissue formation. It will also add to the growing list of ways in which silkworm 




To create an augmentation device from spider silk, several steps were taken. The first step was to 
determine potential structure desi gns that will mimic the native tendon and its properties. The 
second step was to determine a method of attachment to the bone and muscle for anchoring. 
Finally , the third step was to determine if such an implantable device would support and engage 
growth of cells and not elicit immune responses. 
Design Parameters 
In order to produce a tendon implant /graft that has adequate properties and behavior , the 
following parameters were used in the design process: 
• Strength - the final device must have mechanical properties that will withstand necessary 
loads . This includes tensile strength , elongation, energy to break , and yield point parameters. 
It was determined that force vs. displacement plots offer easier comparison to known Achilles 
tendon properties . 
• Size - this includes length, width , thickness , and cross-sectional area of the device . It should 
not be too large or unwieldy for the body. 
• Dimensions - the dimension s of a native Achilles tendon were considered and followed as 
closely as possible. 
• Biomimicry - based on past designs, a large toe region and decreased tensile strengths were 
produced when braiding was used. Such designs and consequences were avoided. Instead , 
simp le parallel fibers that build upon each other provided the optimal solution. If it is was 
required , minimal structura l variances were used. 
• Attachment and Implantation - the device should be easy to implant and attach. The 
attachment should hold while healing occurs and allow for use to prevent scar tissue 
formation . This should be done with minimal damage to the bone and other structures. 
• Growth and Porosity - the device should allow for the exchange of mass so that cells may 
proliferate and grow into it and increase healing. 
• Material - comparing the grafts produced from silk to currently used grafts will provide a 
means of comparing relative properties. Until a final product was produced , silkworm silk 
was utilized. 
• Efficiency /Modeling - due to the potential time and resource constraints of this project , initial 
designs /devices were scaled down to appropriate size. These were tested and then models 




To test the varying designs of the device , the following steps were performed. 
1. Basic tensile mechanical tests were performed to allow for comparison and analysis between 
synthetic spider silk and various silkworm silks. 
2. A linear model was constructed from the data of the tensile tests and these data were used to 
predict the number of silk fibers needed in a final device for a specific yield strength. 
3. Prototypes were produced to best mimic the properties of a natural Achilles tendon . Testing 
of these devices was performed and the designs were altered to achieve desired yield strength 
and stiffness values. 
4. The arrangement of the device components was optimized to reach the desired stiffness value 
and to achieve the simplest design. 
5. A final device was produced after specific mechanical properties were comparable to a 
natural Achilles tendon. 
6. Cyclic loading was performed to demonstrate the endurance and feasibility of the final 
device. 
Attachment Designs: 
To determine the attachment of the tendon device , the following steps were followed: 
I. Several concepts for attachment were researched in relevant literature. 
2. Using the final mechanical and structural designs from above , a review of the ability for our 
design to incorporate this attachment method was completed. 
3. Figures and potential surgical techniques were included in this study for future design teams 
to determine functionality through strength testing and implantation studies. The available 
resources for this project did not allow for direct research and design. 
Biocompatibility: 
To test biocompatibility , the following steps were performed. 
1. CHO cells were grown in Dulbecco's Modification of Eag le's Medium (DMEM) , 1: 1 mixture. 
Sodium bicarbonate was added: 1.2 g/L. The pH was initially 7, and 90% of the medium and 
10% of Feta! Bovine Serum (FBS) formed the final mixture. 
15 
2. The cell cultures were incubated at 37°C and monitored until optimum growth confluency was 
observed. 
3. A sample of synthetic spider silk or silkworm silk was spun, sectioned, and fixed in the wells 
of the 6-well plates. 
4. The whole 6-well plate and samples were sterilized and then inoculated with cells. 
5. The fibers were monitored and observed at 24 and 96 hours. Adherence and morphology tests 
were performed with visual observations. 
Timetable 
The building, testing, and design of the device was divided into two major groups that were 
conducted simultaneously: biocompatibility and physical aspects (structure, mechanical 
properties, and attachment). 
Table 4. Dates of accomplishments 
Biocompatibility 
Desi&n Aspect Details/Explanation Completion Date 
Acquire Cells Obtain Adherent CHO Cells End of June 2013 
Cell Culture 
Learn Culture Techniques and 
Middle of July 013 
Start CHO cultures 
Frame Design 
Obtain Fiber Samples. Prepare 
End of September 2013 
Frames and Inoculate 
Fixture Design 
Obtain Fiber Samples, Fasten 
Beginrung of October ~O 13 
to the Plates and Inoculate 
Gasket Design 
Obtain Fiber Samples. Pour the 
Middle of October 2013 
Plate and Inoculate 
Analyze Results 
Peiform Semi-Qualitative 
End of ovember 2013 
Anal si of Collected Data . 
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Table 4.1. Date s of accomplishments. 
Physical 
Desip Aspttt Details/Explanation Completion Date 
Single Fibers 
Analyze Single Fiber Unit 
Beginning of April 2013 
for Propertie 
Liner Model 
Con truct Linear Fiber 
Beginning of June 1013 
Model 
Yield Point 
Calculate De, ,ice Yield 
Middle of July 2013 
Point and Test De ign 
Stiffness 
Calculate De .,.ice tiffness 
End of July _o 13 
and Test Designs 
Transgenic 
Construct Transgenic 
Middle of October 2013 
Device and Anal ze 
Dynamic Perform Cyclic Tests on 
End of October 2013 
echanical Testing Device Designs 
Attachment 
Evaluate Potential 
Beginning of ovember _013 
Attachment Designs 
Final Device Determine the Final Design End of o ember 013 
Design Steps 
Exploring Silkworm Silk Properties of Single Fibers 
It is believed that sericin leads to an immune response in patients and can cause potential issues 
with wound healin g (Liu et al. , 2007). More recentl y though , it has been demon strated that the 
combination of fibroin and sericin proteins lead to this extreme immune response (Panilatis et al. , 
2003). Therefore, to minimiz e or reduce the response, maximum sericin removal is of the utmost 
importance for a final device to be biocompatible. It was realized that using a proper sericin 
removal techniqu e was imperative to making this project legitimate . Silkworm silk (transgenic or 
native) contains sericin coatings . To ensure proper experimental techniques were carried out , 
sericin removal and silk spinning techniques were explored and practiced. Researchers in the lab 
of Dr. Randy Lewis and capstone design predecessors had optimized this process . The procedure 
was carried out to ensure results and the quality of the removal. Using the masses of the fibers 
before and after the removal process and referencing literature , it was determined that the sericin 
removal process was 94% to 99% successful. A qualitative analysis was also performed by 
observing the fibers under an optical microscope. The visual analysis of the treated fibers 
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supported the mass analysis . It was decided that this removal efficiency was satisfactory. This 
sericin removal is likely to increase the biocompatibility of the silk. This was tested in later 
biocompatibility designs. 
Single fiber testing was done by the previous senior design group on prepared silkworm silk. 
Prepared in this text , refers to cocoons that are degumrned by the design team. However , this 
testing was done without using maximum sericin removal techniques. Sericin removal has a 
direct effect on the mechanical properties of the fibers. Two fiber types were selected for initial 
testing. The groups prepared were native silkworm silk from Mulberry Farms , Fallbrook , CA, 
and purchased silkworm silk from the industrial supplier Big Stone , Houston, TX. Twenty single 
fibers from each group (prepared and purchased) were isolated and prepared for testing. Strength 
testing was done using an MTS Synergie 100 instrument with an extension rate of 5.0 mm/min 
and a 10 gram load cell. The data were analyzed to determine important strength parameters for 
design considerations such as maximum stress and the strain . 
The mechanical properties focused on were initially : maximum stress , maximum strain , and 
energy to break. However , it was later determined that maximum load force vs. displacement 
were the two properti es needed for comparison to a tendon , because of the shape and structures 
of silk fibers. This will be discussed more in depth later. Tables 5 and 6 show the mechanical 
propertie s of purchased silkworm fibers and prepared silkworm fibers respectivel y. 
Table 5. Mechanical properties of purchased silkworm silk single fibers. 
Sample Diameter (um) Max . Force (mN) Max . Displa ceme nt (mm) Max . Stress (MPa) Max . Strain( %) 
1 14.50 65.20 2.93 394.85 15.36 
2 11.93 59.32 3.94 530 .45 20.67 
3 10.87 32.22 1.38 347.34 7.24 
4 9.53 37.70 2.70 528 .12 14.19 
5 11.87 53.86 4 .45 486.95 23.36 
7 9.53 36.99 2.90 518 .26 15.22 
8 13.20 53 .42 2.02 390.39 10.59 
9 10.83 38.39 3.57 416 .55 18.73 
10 11.23 60.62 3.97 611 .70 20 .84 
11 12.67 67.59 4.12 536.35 21.63 
12 12.47 62.93 4 .21 515 .55 22.11 
13 12.27 50.05 1.64 423 .50 8.62 
14 12.23 71.18 3.60 605 .58 18.91 
15 13.67 67.93 4.38 463.03 23.02 
16 12.17 57.88 3.61 497 .78 18.93 
17 11.67 67 .34 3.48 629.86 18.28 
18 11.50 63.5 6 4.02 611.94 21.09 
19 11.17 56.96 3.53 581.56 18.56 
20 12.87 41.25 2.73 317.26 14.35 
Average 11.90 54.97 3.33 495 .11 17.46 
St. Dev. 1.22 11.87 0.88 90.89 4 .63 
18 
Table 6. Mechanical properties of prepared silkworm silk single fibers. 
Sample Diameter (um) MalC. Force (mN Max. Displacement (mm) Max. Stress (MPa) Max. Strain (%) 
1 10.13 50.89 4.24 631.05 22.25 
2 10.73 51.86 3.20 573 .14 16.82 
3 10.03 46 .12 3.12 583 .35 16.39 
5 12.87 50.51 3.35 368 .15 15.51 
6 10.93 48 .45 4 .34 388.46 17.61 
7 10.53 47 .63 3.11 516.08 22.77 
8 10.27 50.30 3.67 546.67 16.31 
9 11.13 43 .90 2.86 607 .51 19.25 
10 9.97 36.99 1.93 450 .94 15.01 
11 11.13 50.35 2.65 474 .13 10.11 
12 12.10 50.19 3.76 517.20 13.92 
13 8.47 56.35 4 .60 436.45 19.76 
14 12.13 46 .84 2.80 405 .15 14.67 
15 11.63 49 .22 3.59 463.06 18.84 
16 9.93 50.85 3.88 656.15 20.34 
17 13.20 41.80 2.63 305.44 13.80 
18 11.17 52.33 3.78 534.31 19.82 
19 11.17 54 .65 4 .78 557 .99 25.12 
20 9.53 36 .13 1.28 506.21 6.71 
Average 10.90 48 .18 3.35 501.13 17.11 
St. Dev . 1.13 5.18 0.86 91.15 4.28 
The data above were analyzed and outliers were removed using the Microsoft Excel outliers 
function. This function removed any data point s that were above or below two standard 
deviations from the average force , as done in common practice. In most cases , this only resulted 
in the loss of one or two samples out of the total set and the replication number was still 
approximately twenty. 
The two types of silk were very similar in their mechanical properties with the purchased having 
a slightly higher average maximum force, but also a slightly higher average diameter. This is 
why both samples were normalized by cross sectional area and maximum stress was calculated 
as seen in Tables 5 and 6. 
A two-tailed distribution and equal variance t-test was done to determine if the two sample sets 
were statistically different. Considering a level of significance of 0.05, and a confidence level of 
95% , the two data sets were compared . This significance level was used throughout the whole 
design process . The statistical analysis that was performed for each of the major properties as can 
be found in Table 7. These values have been rounded for the sake of simplicity and 
interpretation. 
Table 7. P-values of purchased silkworm silk as compared to prepared silkworm silk. 









Since the diameters of the two sample types were significantly different (p-value < 0.05), the 
ultimate tensile strength could not be used to gauge a comparison since this property is 
dependent on diameter. Comparing the stress and strain data from the two sample sets resulted in 
very high p-values (p-value > 0.05), indicating that the two data sets were not significantly 
different. 
Investigation of Synthetic Spider Silk Fibers 
In addition to silkworm silk, it was desired to test the applicability of spider silk for the modeling 
of the Achilles tendon. The parameters of mechanical properties, acquisition, and time were also 
employed for this potential design. An identical mechanical test was performed to test the 
properties of a single synthetic spider silk fiber. Spider silk spinning proved to be a very time 
consuming process, and allowed for only a couple spinning runs to be completed within a week's 
time frame. The first set of samples that were prepared were ran with a 2X-2X stretch factor 
(This means three sets of godets with a 2X stretch factor between each of them). 
Previous work conducted in this area has shown that the stretching of spider silk increases its 
mechanical properties while also decreasing the diameter of the fiber. A consultation with Dr. 
Lewis' Ph.D. student Cameron Copeland, revealed that this 2X-2X stretch generally produced 
the strongest fibers. Twenty single fibers were isolated and were tested and analyzed the same 
way as previously stated. Table 8 shows the mechanical properties of the single fiber spider silk 
samples. Only sixteen samples are present because four samples were accidentally destroyed 
during the testing and analysis. 
Table 8. Mechanical properties of synthetic spider silk single fibers. 
Sample Diameter (um) Max . Force (mN) Max. Displacement (mm) Max. Stress (MPa) Max . Strain(%) 
1 43 .33 102.88 0.27 69.76 1.40 
2 45.07 85.81 0.23 53.79 1.22 
3 37.03 128.80 0.37 119.58 1.95 
4 40 .13 120 .85 0.35 95.53 1.81 
5 40.17 111.16 0.38 87.73 2.02 
6 40 .27 41.44 0.16 32.54 0.84 
7 45.43 141.54 0.36 87.30 1.88 
8 42.87 113.63 0.32 78.73 1.70 
9 54 .07 148.73 0.34 64.78 1.81 
11 42 .70 93.54 0.30 65.32 1.58 
12 44.53 134 .94 0.37 86.63 1.95 
13 40 .53 142.97 0.43 110 .80 2.28 
14 42.63 141.41 0.42 99.06 2.21 
15 38.43 114.62 0.36 98.80 1.91 
16 43.53 122.45 0.37 82.27 1.95 
Average 42 .72 116.32 0.34 82.18 1.77 
St. Dev. 3.84 26.91 0.07 21.69 0.36 
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Spider silk did not perform as well as_ anticipated. The average maximum stress was 6 times 
lower and the average maximum strain was 10 times lower than the purchased silkworm silk's . 
Moreover , the synthetic spider silk fibers had average diameters that were 3.5 times larger. These 
diminished properties could be attributed to inexperience in the making of dope samples 
(synthetic spider silk protein solutions) and spinning techniques. After these results were 
analyzed , it was obvious that the synthetic spider silk did not perform as desired and was then 
rejected as a potential material for a final device. 
Acquiring Silkworm Silk Fibers for Testing and Modeling 
Another key criterion for the selection of the appropriate fibers was the ease of acquiring or 
producing them in large quantities and efficiently for modeling. It was determined that prepared 
silkworm silk with sericin removed was a potential option along with commercially prepared 
silk. To create a baseline for which type of fiber would be most suitable to endure the necessary 
loads of an Achilles tendon , strength testing of two types of fibers types was carried out on single 
fibers . The two types of fibers chosen were prepared /sericin treated silkworm silk and 
purchased /pre-spun silkworm silk fibers. The sericin removal process for the commercial 
product utilized boiling conditions and harsh chemicals , which could have potentially 
compromised the desired mechanical properties. 
After the initial mechanical tests were performed and the properties of the single fibers were 
determined not to be significantly different , a decision was made to use the purchased silkworm 
silk to construct a linear model and use it for later modeling as well. This decision was made 
mostly due to time constraints attributed to reeling , sericin removal, drying , and assembling 
prepared silkworm silk in the lab, which could range from three to ten days for one production 
line of silk. One production line usually only yielded 800 meters. Purchased silk came in one-
thousand fiber cords , making it much easier to acquire , isolate, and assemble samples . 
Introduction to a New Device Material: Transgenic Silkworm Silk 
A consultation was held with Dr. Randy Lewis about the initial findings and potential directions 
for a final device . In this meeting he informed the team that a different variation of spider silk 
would be better fitted for the final device and tests : transgenic silkworm silk with spider silk 
inserts. Transgenic silkworm silk is derived from silkworms that have been engineered to express 
the desired spider silk protein with the native silkworm proteins. This transgenic silkworm silk is 
essentially a hybrid between the synthetic spider silk and the native silkworm silk. After this 
discussion, it was decided that the transgenic silkworm silk would best match the required needs 
since it presented enhanced mechanical properties compared to native silkworm silk. It was also 
easier to obtain than synthetic spider silk with the purpose of designing and building an Achilles 
tendon model. Even though it was easier to obtain , the pmchases silkworm silk was still utilized 
early design operations. The transgenic material was explored later in the design process . 
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Modeling Strength Data and Extrapolation 
Now that various types of silk were tested and evaluated , a model to extrapolate the number of 
fibers needed to mimic an Achilles tendon was desired. For initial testing purposes , it was 
determined that using purchased silkworm silk would allow the team to more efficiently produce 
a testable model for a tendon device. This would best be done using a linear model for a sample 
set to determine how well purchased silkworm silk would model the properties of an Achilles 
tendon. This was done by isolating and strength testing sets of five, twenty-five, and one-
thousand fiber samples. These tests were completed using the MTS Synergie I 00 instrument as 
previously described as well as with an Instron 5542 instrument for the one-thousand fiber 
samp les. Table 9 shows the condensed mean diameter, maximum force, and maximum 
displacement found for each sample set. Outliers were removed usin g the same Exce l function as 
described above. See Appendix A for force vs. displacement plots for each sample set. 
Table 9. Compi led average mechanical properties of 1, 5, 25, and 1000 fiber structures. 
Fiber count Diameter (um) Max. Force (N) Max Disolacement (mm) 
1 11.90 54 .97 3.33 
5 43.80 217.49 1.95 
25 97.35 1,018 .60 1.84 
1,000 605.00 68,937.19 5.06 
It was determined from the data above, which was again simplified in this report , that a stress vs. 
fiber count linear model wou ld result in a negative slope and would not provide an adequate or 
intuiti ve linear model as seen in Figure 7. This was likely due to the increase in diameters of the 
increased fiber samples and the shear stresses that were occurring within the structure as the 
fibers interact. This problem was addressed by instead looking at force vs. displacement data plot 
for each set of samples, which results in a more effective model. 
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Figure 7. An unsuccessful attempt at a model for stress vs. fiber count. 
Figure 8 shows the linear model constructed from force vs. displacement data from purchased 
silkworm silk for the lower end of the model. Given the small number of points present and the 
nature of the fibers, an extremely accurate model was constructed. When the larger value was 
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also included in the linear model , the model still maintained a high linear correlation as seen in 
Figure 9. When compared to the stress vs. displacement plot in Figure 7, it was confirmed that 
the better choice was the maximum force vs. displacement model. Even with a polynomial fit for 
a stress vs. fiber count plot , the relationship was still counterintuitive and did not resolve to the 
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Figure 8. A focused linear fit of the force vs. fiber count. 
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Figure 9. The total linear model for purchased silk with a force vs. fiber count relationship. 
To use the model for determining how many fibers would be needed to construct an Achilles 
tendon , a force vs. displacement model of an actual tendon was needed. Figure IO shows a force 
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Figure 10. Force vs. elongation plot for human Achilles tendon (Waugh et al., 2012) 
Waugh et al. (2012) found that the maximum force before failure for an adult Achilles tendon is 
less than 5000 N with an elongation of approximately 9mm. Using this maximum load value, the 
number of purchased silkworm silk fibers needed to model an Achilles tendon can be estimated 
using the linear model created above by applying it to the design criteria of matching yie ld 
strength and stiffness. 
Mimicking an Achilles Tendon 
The next goal was to create a test device that matched a natural Achilles tendon in yield strength 
and stiffness that was calculated from the models . These two properties were chosen based on 
their importance to Achilles tendon function. Yield strength , not ultimate tensile strength, was 
the most important because the test device must have equal (or greater) elastic deformation 
potential to a natural tendon so it does not become damaged under less strenuous conditions and 
is not permanently deformed from loading. Stiffness was important, to allow for complete and 
normal movement of the tendon and ankle, thus preventing shielding of the native structures. 
According to Doral et al. (2010) the yield point of an adult human Achilles tendon is around 
2904.6 N. Waugh et al. (2012) approximated the average stiffness of an adult Achilles tendon to 
be 23 7 .6 N/mm. 
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Table 10. Compi led averages for cord counts and associated yield points and stiffness 
Number of cords Force 1t Yield Point (N) Stiffness (N/mm) 
1 45.43 29 .08 
7 213 .71 49 .70 
15 489.01 100.58 
31 1084 .07 192 .41 
62 1767.40 307 .80 
100 2911 29 430 68 
Using the linear equation obtained from testing smaller silk devices , models for yield point and 
stiffness were constructed , Table 10, seen above , summarizes the results of these tests. It was 
determined that a one-hundred-thousand fiber sample (100 cords) of purchased silkworm silk 
were required to match the yield strength of a natural Achilles tendon. Figures 11 and 12 show 
the linear models used for yield point and stiffness respectively , the final points on the graphs 
with red outlines correspond to the actual observed values. As it can be seen below , the force at 
yield point model worked exactly as planned and was even slightly conservative. The stiffness 
model however was not as accurate or precise and did not properly model larger amounts. The 
primary objective of this design step was to obtain an adequate force at yield point first and then 
determine if adjustments would be needed for the stiffness. Table 11, below , summarizes the 
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Stiffness Linear Model 
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Figure 12. Linear model estimating the stiffness for varying fiber counts. 
Table 11. Summary of required properties and cord counts. 
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To test the constructed models , an anchoring system to hold the fibers in place was needed . 
Several attempts were made to deve lop a method that could be tested easily and remade for 
additional tests . Initial design s with tape and staples pro ved to be unsuccessful in meeting the 
needs . Cardboard was chosen to sandwich the ends of the fiber device. This is a cheap material 
that can be easily cut into desirable shapes for testing and allows for some compression when it 
is clamped for testing . The fibers can be set between two cardboard pieces and held in place with 
an adhesive material. For this purpose , JB Weld from JB Weld , Sulphur Springs , TX, provided 
high anchoring potential , which is desired for mechanical testing. The first sample sets created 
consisted of 100 purchased fiber cords in parallel on a cardboard anchor. A gauge length of 10 
cm was used . Four samples were tested using a 50 kN Tinius Olsen mechanical testing system 
using a 10 mm/min extension rate. Table 12 shows the results from these tests. 
Table 12. Compiled results for initial testing of 100 para llel cords . 
Sample Number of oord5 Arrangement of Fiber Max . Forte (N Displacement at Force at Yield Point (m foroe at Yield Point (N Stiffness (N/mm) 
lOOP·l 100 Para lle l 4103 .33 10.52 3032 .84 353.06 
lOOP-2 100 Para ll e l :,230.00 6.16 2:>17.30 ,a2 .n 
lOOP-3 100 Paralle l :,096.67 8.64 2976 .67 45:, .14 
lOOP-4 100 Para ll e l 4498 .34 10.76 3118 .33 331.79 
Average 100 4732 .08 9.02 2911-29 430 .68 
St. Dev . 0 4:,5.74 1.84 232 99 99.40 
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Obtaining Goals by Design Reevaluation 
The average yield strength of 2911.3 N from these devices was extremely close to the target 
value of 2904.6 N. It was determined that the average stiffness of 430.68 N/mm for the samples 
was not close enough to that of a natural Achilles tendon, which has a value of237.6 N/mm. To 
decrease stiffness, twisting of the fiber bundles was explored . Based upon the designs and work 
of previous design teams , it was determined that braiding or similar structures created properties 
that were unfavorable for implant applications due to shear stresses. From this previous work, 
braiding was eliminated as an alteration method due to the decreased mechanical properties. 
Instead of using braiding for structural variance and stiffness modification , cabling was applied. 
This method was chosen because of the simplicity to perform and the metering of the process. 
The fibers could also be maintained in their parallel structures with relative ease. To outline the 
terminology used regarding various device designs , Table 13 should be used as a reference. 
Table 13. Hierarchy of design construction. 







Three sets of samples were produced: 







• Sample set one: four , 25-cord-bundles 
• Sample set two : three , 33-cord-bundles (one bundle contained 34 cords to make 
the total one-hundred as before). 
• Sample set three : two, 50-cord bundles. 
These sets were determined based on the number of bundles that could be easily twisted with the 
available mechanical cabling device. The device used for twisting was capable of twisting up to 
four separate bundles together. Each sample set was made by first twisting each bundle around 
themselves and along their axis, before twisting them around each other. The amount of twisting 
was determined by how many twists could occur before supercoiling became present in the 
cable. The motivation for this, was to create a cabled structure with relative ease and control 
while allowing for uniformity among all the samples. The samples were all twisted first until 
there were four full twists in l O cm on each cord-bundle for a starting point. The bundles were 
then twisted around each other until four full twists in 10 cm were achieved. Figure 13 shows 
what these samples looked like prior to testing. These samples were tested using the same Tinius 
Olsen system as previous tests and the results can be found in Table 14. 
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Figure 13. The three des igns created to mimic the natural stiffness of an Achill es tendon. 
Table 14. Compiled tripli cate results for vary ing cabled des ign series at quasi-static speed. 
Sample Number of cords Arranl!ement of Fibers Max . Force (NJ Displacement at Force at Yield Point (mm) Force at Yield Point (NJ Stiffness (N/mm) 
50-1 100 Cable 5,005 .00 24.20 3,133.33 219.80 
50-2 100 Cable 5,580.00 1s .n 2,648.33 259.18 
50-3 100 Cable 5,560.00 24.39 3,020 .00 198.35 
Average 100 5,381.67 22.44 2,933.89 225 .78 
St. Dev. 0 266.47 2.63 207.15 25.19 
Sample Number of cords Arrangement of Fibers Max . Force (N) Displacement at Force at Yield Point Imm} Force at Yield Point (NJ Stiffness (N/mm) 
33-1 100 Cable 4,491 .67 19.91 2,906 .67 253.04 
33-2 100 Cable 5,485 .00 22.88 2,738.33 238.42 
33- 3 100 Cable 4,610 .00 20.21 2,298.33 246 .73 
Average 100 4,862 .22 21.00 2,647.78 246.06 
St. Dev. 0 443.01 1.34 256.47 5.99 
Sample Number of cords Arrangement of Fibers Max . Force (NJ Displacement at Force at Yield Point (mm) Force at Yield Point (NJ Stiffness (N/mm) 
25-1 100 Cable 5,080.00 26.15 3,080 .00 204 .37 
25-2 100 Cable 4,556 .67 18.63 2,825 .00 232 .94 
25. 3 100 Cable 4,673.33 19.93 2,911.6 7 210.41 
Average 100 4,770 .00 21.57 2,938 .89 215 .91 
St. Dev. 0 224.32 3.28 105.87 12.29 
From a qualitative analysis, it was seen that the ave rage stiffness from parallel to twisted samples 
decrease d dramati cally. Multipl e t-tests were performed between the groups (50 = two , 50-cord-
bundl es, 33 = three, 33-cord-bundl es , 25 = four, 25-cord-bundl es, P = parall el cords) for max. 
force, yield strength, and stiffness. The obtained p-values can be observed in Tables 15-17, these 
values were obtained using the same statistical analysis method as before. 
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Table 15. Compared p-values between groups for maximum force. 
50 vs . 33 0.23 
SO vs. 25 0.07 
33 vs . 25 0.81 
so vs. p 0.12 
33 vs . P 0.76 
25 vs. P 0.92 
Table 16. Compared p-values between groups for yield strength. 
50 vs . 33 0.29 
SO vs. 25 0.98 
33 vs. 25 0.21 
50 vs. P 0.91 
33 vs. P 0.28 
25 vs. P 0.88 
Table 17. Compared p-values between groups for stiffness. 
50 vs. 33 0.33 
50 vs. 25 0.64 
33 vs . 25 0.04 
50 vs. P 0.03 
H vs.P 0.04 
· 25 vs. P 0.03 
Progressive Design and Results 
After statistical analysis, it was found that none of the test groups had significantly different 
maximum force or yield strength values from any other group . This can be said because no p-
value less than 0.05 , using a 95% confidence interval , was found between any groups for either 
of these properties . As for stiffness , it was found that the 33-cord-bundles and 25-cord-bundles 
had substantially different stiffnesses. It also can be observed that the three different twisted 
sample sets showed lowered stiffness values than the parallel samples. 
The choice was made to use the 50-cord bundle design due to the ease of construction and the 
mechanical values . From a qualitative standpoint , the mechanical properties also seemed to best 
match those of a natural Achilles tendon. Because of the values obtained from these initial tests 
it was determined that no further designing or investigation was necessary for cabling. This data 
provided a sense of direction for creating a device made from transgenic silkworm silk. 
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Creating a Transgenic Silkworm Silk Device 
Transgenic silkworm silk became the end-goal material of interest in this study. These transgenic 
silk fibers have shown to have diameters much closer to that of purchased or treated silkworm 
silk , around 11 µm , which was determined during the initial stages of the design. Stress values of 
transgenic silk have been obtained between 600 and 800 MPa. The focus was then put on testing 
transgenic silkworm silk in a similar manner in hopes of achieving better mechanical properties . 
The device from purchased silkworm silk set a baseline for a device made out of transgenic 
silkworm silk, which contains synthetic spider silk proteins . Since the process of reeling , sericin 
removal , and manual production of transgenic fiber bundle s was a time intensive process , this 
initial study gives a sense of direction to the overall goal of this project. Transgenic silkworm 
cocoons engineered in Dr. Lewis' lab were used to reel silk. The silkworms had been genetically 
modified to produce transgenic silkworm silk with a small percentage of MaSp2 . A Green 
Fluorescent Protein (GFP) tag was used to confirm the successful insertion of the spider silk 
gene. Cocoons glowing green were chosen with selection primarily focusing on the subjective 
intensity of the cocoons . Mechanical properties of transgenic silkworm silk were obtained from 
previous work performed in Dr. Lewis ' lab and can be found in Table 18. 
Table 18. Mechanical properties of available transgenic cocoons compared to purchased 
silkworm silk (Contro l). 
Type of cocoo n Stress (MPa ) Strain(% ) Energy to Brea {MJ/m3) 
Control 495 .11 17 .46 62.90 
DP2 Bands G ++ 368 .90 15.29 41 .78 
DP2 No Bands G+ 438 .71 24.18 76.41 
DP2 No Bands G++ 428 .06 27.62 82.57 
DP3 420 .26 23.94 71.65 
CP2 490.96 19.08 72 .54 
CP3 81 -13 405 .80 22.50 66.67 
CP3 Cl -15 459 .17 23.63 77.36 
CP4Normal 484 .49 27.86 90.42 
CP4 21-22 IET 478.30 26.59 92.01 
CP421-22 mRNA 423.09 27.27 80.33 
The stress of available cocoons was lower than the control in all cases . Both , CP4 Normal and 
CP4 21-22 IET were chosen due to higher number of available cocoons and the lowest p-value 
(1.64E-07) when comparing strain to the control. Twenty-five cocoons of the selected samples 
were reeled at one time using the standard technique described by last year's design team. These 
fibers were then subjected to sericin removal the following day . After drying , the twenty-five-
fiber bundles were wrapped around two ring stands , that were placed 10 ft. apart , a total often 
times to create 250-fiber bundles. Once four of these 10 ft., 250-fiber samples were produced , 
they could be individuall y twisted around, and then twisted together to produce one-thousand-
fiber bundles (cords) , which is how the purchased silkworm silk is obtained and used. The 
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purchased silk only differs in that three , 333-fiber samples were twisted together. Figure 14 
shows the accumulation of spooled transgenic silkworm silk cables that was defined as one cord . 
Figure 14. Completed 1000-fiber bundle (cord) , degummed , cabled , and spooled . 
One cycle of this process produced a one-thousand-fiber bundle or cord that was about 8 ft. in 
length due to loss of silk during tying off the ends and contraction during the twisting. Four to 
six of these 8 ft. samples can be produced from one session ofreeling. It was calculated that 
twenty of these samples were needed to produce one , one-hundred-thousand fiber sample for 
testing ; as previously conducted with purchased silkworm silk. A working device of transgenic 
silkworm silk was successfully constructed using the same optimal twisting method from before 
with the 4x4 twists for the gauge length . Due to extremely long production time and lack of 
enough transgenic cocoons , only one transgenic device was produced . 
Dynamic Mechanical Analysis of Silkworm Silk Analogue 
A natural Achilles tendon will undergo stress loading constantly under normal conditions. 
Ther efore, it was of interest to investigate how silk samples react under more realistic conditions. 
Thi s was explored through dynamic mechanical analysis (OMA) or more commonly called basic 
cyclic loading tests. These tests often consist of one-thousand cycles or more of strength testing . 
The sample is stressed to half maximal force and then taken out of tension to determine the long-
term effects of forces acting on the sample. Since a natural tendon is being used dynamically , 
this test was vital in determining whether the designed samples could hold up against constant 
loading and unloading. Three samples of the two , 50-cord bundles were first re-tested for their 
ultimate tensile strengths using a 30 mm/min extension rate, to better approximate behavior 
under dynamic conditions. The results of these tests can be seen in Table 19. 
Table 19. Compiled interest points for dynamic testing of two, SO-cord-bundle samples. 
Sample Number of cords Arranl!ement of Fibers Ma><. Force (Nl Displacement at Force at Yield Point Imm) Force at Yield Point IN) St iffness IN/mml 
SODMA -1 100 Cable 5,335 .00 16.89 2,342.00 
SODMA -2 100 Cable 5,400.00 17.22 2,293 .00 
SODMA-3 100 Cabl e 5,385 .00 16.33 2,281 .00 
Avera11:e , 100 5,373.33 16.81 2,305 .33 
st . Dev . 0 27.79 0.37 26.39 
Similar maximum force , yield point, and stiffness values as the samples tested at 10 mm/min 







silkworm silk, a decrease in slope after the elastic region was seen across all samples tested at 
this new rate , which made equating yield strength difficult. Despite this change in behavior , the 
stiffness remained statistically the same as seen in Table 20. Again, the statistical analysis of 
these samples was performed using a 95% confidence interval. Since the primary goal was to 
find half ultimate tensile strength for use in basic cyclic tests (Hennecke et al., 2013), this value 
was found: (5373.33 N)/2 = 2686.67 N. 










One-thousand cycles between ON and half maximal load were done on two, 50-cord-bundle 
devices in triplicate in order to see if they could withstand repeated loading . These tests were 
done using the same strength testing machine as before. An example of a cyclic loading test plot 
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Figure 15. Cyclic loading test for purchased silkworm silk device. 
As done by Hennecke et al. (2013), in order to compare the influence of cyclic testing on the 
biomechanical quality of the material , the increase of elongation from the first to the last cycle 
was studied , as seen in Table 21. Considering our initial length of 10 cm (100 mm) , an increase 
of 8.04 % ± 1.53 in elongation is obtained. This value is considerably lower than the one showed 
by Prolene 6-0, a commercially available surgical material. Prolene (polypropylene) showed an 
increase of elongation of 24% ± 6.2 (Hennecke et al., 2013). This finding shows that silkworm 
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silk is less strongly affected by cyclic use than polypropylene. In the same study, native spider 
silk showed an increase of elongation of 7.2% ± 1.5. 
Table 21. Displacement values for purchased silk during cyclic loading. 
Sample Displacement first cycle Displacement last cycle Increase of displacement 
{mm) {mm) {mm) 
50 DMA-1 6.85 14.96 8.11 
SO DMA -2 10.78 20 .65 9.87 
50 DMA-3 10.11 16.24 6.13 
Average± SD 9.25 ± 1.71 17.28 _ 2.44 8.04 _ 1.53 
After the cyclic loading test , each sample was subjected to a tensile strength test until failure to 
determine the effect of dynamic loading on the mechanical properties. The results of these tests 
can be found in Table 22. 
Table 22. Tensile tests after cyclic tests for purchased silkworm silk devices. 
Sample Max force (N) Yield Strength (N) Stiffness {N/mm) 
50 DMA-1 5305.00 3056 .69 709 .32 
50 DMA-2 5385 .00 
50 DMA-3 5263 .33 
Average± SD 5317.78 _ 50.49 
3298 .85 
3353 .18 
3236 .24 _ 128 .88 
699 .95 
751.53 
720 .27 _ 22.44 
Statistical analysis was completed to compare the properties of maximum force , yield strength, 
and stiffness to those of the samples tested in tensile mode without dynamic loading. This 
analysis can be seen in Table 23. 









It was found that the maximum force and yield strength of these samples was not significantly 
altered by dynamic loading. However, a drastically higher stiffness value was observed in the 
samples that were subjected to cyclic testing. The average stiffness values were found to be 
significantly higher than the samples without dynamic loading with the use of the two sided 
unpaired t-test. This phenomena was investigated and it was found that cyclic testing is often 
done with the samples immersed in a 0.9% NaCl aqueous medium to better simulate the 
conditions found in the human body. This would likely allow the silk to return to an unstretched 
state during cyclic testing. This is done by using a medical infusion system and a special 
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construction (Abrahams et al., 1967; Hennecke et al., 2013). Future tests should consider 
simulating the physiological conditions surrounding natural tendons. 
Dynamic Mechanical Analysis of Transgenic Device 
Since only one transgenic silk device was produced , it was tested under dynamic conditions to 
best analyze the difference between purchased silkworm silk and transgenic silkworm silk 
devices. For the DMA of the transgenic device , the cyclic limits were again set at ON to 
2686.67 N. The jog speed was also set at 30 mm/min to allow for comparisons to be made 
during later analysis. The dynamic loading plot for the transgenic silkworm silk device can be 
found in Figure 16. Change in elongation for the transgenic sample was also analyzed . This data 
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Figure 16. Cyclic loading test for transgenic silkworm silk device. 
Transgenic silkworm silk showed an increase of displacement of 7. 78 mm under cyclic testing as 
seen in Table 24. This corresponds to an increase of elongation of 7. 78% which is really close to 
the 7.2% ± 1.5 exhibited by native spider silk. When more transgenic silkworm silk is available, 
more tests should be done in order to significantly compare this value to the 8.04 ± 1.53 mm 
shown by the purchased silkworm silk device. 
Table 24. Displacement values for transgenic silk during cyclic loading. 
Sample 
Transgenic 
Displacement first cycle 
(mm) 
10.31 




Increase of displacement 
(mm) 
7 .78 
!!!!!!-- --- -------- --- -~========~ ======= === == - ~~~ , 
The transgenic device then underwent a tensile strength test just as the purchased silkworm 
devices had. The results of this test are seen in Table 25 . 
Table 25. Tensile test after cyclic test for the transgenic silkworm silk device. 
Sample Max force (N) Yield Strength (N) Stiffness (N/mm) 
Transgenic 5345 .00 3451.04 798 .24 
Since only one sample was produced and tested , a statistical analysis could not be thoroughly be 
completed to compare the purchased silkworm silk devices to the transgenic silkworm silk 
devices. However, from a qualitative standpoint, it appears that maximum strength and yield 
point are similar between the two sample types with a slight increase seen on the transgenic 
device. The stiffness also appears to be extremely high , similar to the values found in purchased 
silkworm silk after cyclic testing. Again, it is believed that this change in stiffness occurred 
because of the dry testing conditions that do not represent an aqueous implant body. 
Attachment 
After the testing phase produced desirable results , the realization of the importance of developing 
a potential attachment technique for implantation of the device was recognized. The initial 
design thought was to attach the device on one end to the muscle above the injury and one end to 
the heel bone below the injury using separated and frayed ends of the device. The team had the 
great fortune of talking to a Physicians Assistant from the Logan area about his thoughts 
regarding attachment of a device. Shaun Peterson P.A. suggested using an anchoring system to 
attach the silk tendon to the heel bone. Drilling an anchor up through the bottom of the heel 
would allow for the best anchoring system while reducing any further damage to the area . 
Previous discussion led to the idea of using the two separate bundles of fibers in the final device 
to straddle the heel bone and to attach them to the side of the bone or beneath it. Mr. Peterson 
discussed the undesirable technique of cutting through soft tissue located near the upper part of 
the heel bone , which would be required with the initial theorized method. The area around the 
heel has several large nerves that , if damaged , could lead to complications. Mr. Peterson also 
suggested using a woven patch or splayed construct to secure the top of the tendon device to the 
available muscles . If the fibers could be spread to allow the patch to anchor the fibers, this would 
prove to be a beneficial method. With these potential design ideas in mind , attachment methods 
were researched further. 
Attachment to Muscle 
For the tendon-muscle site , there is a technology called the MyoCoupler , which would perfectly 
fit with the designed artificial tendon. It consists of multiple FiberSecure bundles , which transfer 
load not by normal force , but by interface shear. This is because each bundle is comprised of 
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thousands of fine unbraided (12-um polyester) filaments, rather than a tight braid or 
monofilament. Figure 17 shows an example of the MyoCoupler device. This structure was 
ultimately chosen because of the ease of integrating it with the primary device and the superior 
properties that it yields. The MyoCoupler device was tested against traditional suturing 
techniques in animals and was found to have significantly stronger pull-out strength levels 
(Melvin , 2003) . An investigation of the current literature revealed that most methods often 
employ staples or other crude fastening devices (Melvin et al., 2010) . These methods often lead 
to inferior mechanical properties and are usually separate from the actual prosthetic device. The 
MyoCoupler principle allows for the device and attachment method to form one unit. 
Figure 17. MyoCoupler device. 
With regard to the MyoCoupler , each of the 18,432 fibers from the upper 8 needles continues 
uninterrupted , through the distal loop, to the lower 8, thus presenting twice that number (36,864) 
of fiber-segments to the muscle ; this looped design simplifies bone-plate fixation versus tying 
and reduces potential stress concentration versus clamping (Melvin et al., 2010) . It is proposed 
that the polyester material be replaced by the silk material of the tendon device for our purposes . 
The ends of the silk device can be splayed and attached to needles on the tendon-muscle 
attachment side. 
This proposed device design could further be enhanced if each microneedle was integrated with a 
set of four cords (4,000 fibers); effectively increasing the total amount of needles from 16 to 25 
for the whole device . This would further reduce the normal stress concentration and increase the 
interfacial shear , while allowing for less invasive insertion that would lead to better ingrowth and 
healing of the soft tissue. A final design parameter that would ensure the functionality of this 
device is the structure of the splayed fibers. Having the fibers splayed or unbound will perform 
several key tasks: this will allow for easier insertion, greater difficulty in removing them, and 
increased surface area for cell adhesion and growth (Cho et al., 2012) . These modifications will 
only be applied to the muscle-implant side of the device due to the soft tissue properties of the 
muscle and the benefits that have been discussed above. 
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Attachment to Bone 
A plug device will provide an attachment method for the tendon-bone site (Murray and Semple, 
1976). This decision was made because this device was invented particularl y for Achilles tendon 
anchoring purposes. The plug is made of a sintered metal and has an elastic modulus similar to 
that of natural bone , which was another key factor in the decision to use this method. Other 
ortho-attachment methods often rely on a plate or fastening devices such as screws. These are 
usually effective for attachment , but can lack mechanical properties similar to native bone, which 
can lead to stress shielding and failure (Hacking et al., 2000). The plug is made extremely porous 
to allow for bone ingrowth and would likely be inserted from the bottom. A hole is made through 
the top of the bone to allow for the tendon material to attach to the plug via a locking pin. A 










Figure 18. Possible attachment method for artificia l tendon to bone and muscle (Bokros , 1979). 
Researching this attachment method further , a study was found on implanting titanium bone 
plugs in animals. This method was tested for its ability to withstand loading and support bone 
growth for periods up to 231 days and possibly further (Murray and Semple, 1981). 
The proposed bone plug will be made out of porous titanium or porous tantalum and include a 
solid pin of the same material to allow for tendon attachment. A hole will be drilled into the side 
or bottom of the heel bone for insertion of the plug. A small hole will be drilled into the top of 
the bone to allow for insertion of the silk tendon device. Prior to insertion , one continuous 50-
cord-bundle will be wrapped around the locking pin at the bottom of the plug. This bundle will 
then be doubled back to create the double-ply device designed and described above with the 
appropriate amount of twisting. The device will then be pulled through the plug until the locking 
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pin is engaged. Following this , the opposite side of the device will be attached to the appropriate 
muscles using the MyoCoupler. 
This attachment method has not been evaluated for mechanical properties in this design process. 
Other investigations have shown this method of ortho-attachment to be possible and successful. 
It was chosen purely based on attachment methods found to be applicable in the medical 
literature. It is suggested that future design projects focus on testing both the bone-tendon and 
muscle-bone attachment sites for their mechanical properties and long-term responses. 
Biocom patibility 
The most important aspect of biomedical implant testing is the biocompatibility tests done to 
determine that no negati ve immune response will be observed when implanted into a patient. 
Chinese hamster ovary (CHO) cells were selected to test attachment to silk samples using a 
direct contact test. A frozen cell stock was inoculated in 5 ml of Dulbecco's Modified Eagle ' s 
Medium (DMEM) in a T-25 flask . The cultures were maintained at 37° C with CO2 and 0 2 levels 
of 5%. The culture was allowed to proliferate for 48 hours before the growth medium was 
replaced with a fresh supply. After another 48 hours , subculturing was necessary. Subculturing is 
done by removing the growth medium from flask and inserting 1.5 ml of trypsin to the cells. 
Trypsin causes the cells to become detached from the bottom of the flask. After a 3 minute 
incubation , 1 ml of fresh DMEM is added to the flask to resuspend the cells. This cell solution is 
then distributed into two new T-25 flasks and 5 ml of fresh DMEM is added. In another 48 
hours , the cells were again ready to passage into fresh T-25 flasks or to be used for 
biocompatibility testing . All cell culturing took place in a cell culturing hood. 
Wire Frame Design 
Various types of silk were tested for their potential to be biocompatible . The groups included 
transgenic silkworm silk (TSS) with and without sericin , natural silkworm silk (NSS) with and 
without sericin , synthetic spider silk (SSS) from a water based dope , and synthetic spider silk 
from a Hexafluoro-2-propanol (HFIP) based dope washed and unwashed with PBS. NSS without 
sericin was used as a positive control since it has been established as a biocompatible material. 
Each set of fibers were wrapped around stainless steel wire frames. This was done to create a 
structure to hold the fibers in place during cell culturing. Triplicate runs of each sample set were 
carried out. Since CHO cells are naturally adherent and the tissue culture treated (TCT) T-25 
growth flasks promote attachment , a Pluronic solution was used to prevent cell adherence to the 
bottom surfaces (Wendt et al. , 2011). This was thought to put pressure on the cells to attach to 
the silk by neutralizing the treated flasks and the favorable attachment of the cells. The wire 
frames with silk attached were autoclaved and inserted into Pluronic-treated 6-well plates. 200 
µL inoculations were used from T25-flask cell stocks that were ready for passaging . Fresh 
DMEM was added to each well to bring the total volume to 5 ml. The cultures were maintained 
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at 3 7° C with CO2 and 0 2 levels of 5% as before. The plates were monitored and photographed at 
24 hrs. and 96 hrs. Cell attachment to silk fibers was expected to be higher in the fiber samples 
that had sericin removed. In the synthetic spider silk samples, increased attachment was expected 
in the samples washed with PBS . Pictures of some of the samples at 96 hrs. can be seen in 
Figures 19-24. 
Figure 19. NSS with sericin. Figure 20. NSS without sericin. 
Figure 21. TSS with sericin. Figure 22. TSS without sericin. 
Figure 23. SSS from aqueous dope. Figure 24. SSS from HFIP dope . 
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Since the cells were not able to attach to the flasks, it was observed that the cells clumped 
substantially more than non-pluronic treated flasks. The thought was that this might be due to the 
cells using each other as an attachment surface instead of the flask. The fibers were also 
observed to have cell attachment. Generally , it appeared that the non-sericin samples showed 
increased cell attachment. Additionally , the synthetic spider silk from an HFIP based dope 
seemed to have increased cell attachment than the synthetic spider silk produced from a water 
based dope . 
A quantitative analysis of these cell attachment tests was initially desired . The best test for this is 
a cell count experiment using a ViaCell device. An attempt at using this analysis method resulted 
in inconclusive data. This was likely due to inefficient loading of the cell count cuvettes needed 
for this study. The cells could not be easily removed from the silk fibers and then transferred into 
the cuvettes. This problem was discussed with Dr. Lewis and it was agreed that exact cell counts 
were not as important if reliable qualitative analysis could be achieved. 
Adhesive Anchor Design 
After a conference with Dr. Lewis , it was decided to try another set of tests using a different 
anchoring system. Since the metal frames didn ' t allow the silk fibers to reach the bottom of the 
plates, a method using autoclave tape was explored. Autoclave tape was found to contain no 
chemicals that might inhibit CHO cell growth . Single fibers of each type were taped to the 
bottom of each flask . The use of Pluronic was also compared against flasks not treated with it. 
This method proved to be problematic due mainly to sterilization problems. The plastic 6-well 
plates with taped fibers could not be autoclaved and the tape samples were difficult to sterilize 
using ethanol or IP A. The tape was also difficult to keep secured down when growth medium 
was added to the samples. The samples that did stay anchored did not appear to have significant 
growth on the fibers or in the growth medium at all. 
PDMS Anchor and Gasket Design 
A new method of biocompatibility testing was explored after conferring with Dr. David Britt 
about his knowledge regarding biomaterials and testing. Dr. Britt suggested the use of a 
polydimethylsiloxane (PDMS) layer under the silk fibers to neutralize the attachment surfaces of 
the 6-well plate instead of Pluronic. It is not clear what effect Pluronic had on the CHO cell 
cultures , so this design was intended to remove this uncertainty . This method would better test 
the preference of CHO cells to attach to silk fibers. Initial testing was done with PDMS gel being 
mixed with a setting agent at a 10:1 ratio respectively. This mixture was set along the bottom of 
the 6-well plate for a period of at least 24 hours . A ¾" stainless steel hex-nut was then set over 
the top of the single silk fibers , which were spread across the top of the set PDMS layer in 
parallel. Additional PDMS was poured along the outside of the nut to produce an anchoring layer 
along the outside of each silk fiber and form an internal well for the media. This layer was 
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allowed an additional 24 hours to dry, at which point the nut was removed for cell testing. The 
entire 6-well plate was sprayed with 70% ethanol to sterilize the samples. The plates were 
allowed to dry in a cell culturing hood. Each well was inoculated as before and monitored at 24 
hours and 96 hours. 
As previously observed , it was hypothesized that native silkworm silk and transgenic silkworm 
silk with sericin removed would show greater cell attachment than silk with sericin not removed. 
It was also expected that synthetic spider silk washed with PBS would show greater cell 
attachment than silk not washed with PBS . Spider silk from an aqueous dope proved to be too 
brittle to work with. Therefore , synthetic spider silk from an HFIP based dope was used 
exclusively. A sample set washed with PBS was compared to a set unwashed with PBS. Each 
sample set was done in triplicate. Pictures of selected samples can be found in Figures 25-30. 
Figure 25. NSS with sericin . Figure 26. NSS without sericin. 
Figure 27. TSS with sericin. Figure 28. TSS without sericin. 
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Figure 29. SSS without PBS wash. Figure 30. SSS with PBS wash. 
Using the average radius of each silk type and the length of silk in the photographs , the total 
fiber surface area in each picture was found for each silk type. Since the quantitative approach to 
cell counting using ViaCell was not possible , a method of manual counting was developed to 
determine total cell attachment values. This was done by analyzing each photo visually and 
counting the number of cells that appeared attached to the silk. This method is satisfactory to 
give a general idea of which types of silk best support cell attachment. The average cell count for 
the three samples in each set were averaged and a cell count per unit surface area was calculated. 
These values can be found in Table 26. 





sss 648 902 
SS PBSwash 1413 2218 
To analyze this data, a two tailed t-test with a 95% confidence interval was completed using 
Excel. This was done by comparing each sample set to the positive control (NSS without 
sericin). The results of this test can be found in Table 27 . 
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Table 27. P-values of silk samples compared to NSS without sericin. 
,. ... Mllr 
0.432 0.009 
TSS with sericin 0.373 0.007 
TSS without aaidn 0.411 0.423 
sss 0.006 0.002 
PBSwasb 0.003 0.011 
As expected, the highest cell attachment levels were found on the positive control samples with 
native silkworm silk without sericin. It was found that there was not a significant difference in 
attachment between NSS with sericin and NSS without sericin after 24 hours with a p-value of 
over 0.05. However, a significant difference was seen when samples were analyzed at 96 hours 
as indicated by a p-value of 0.009. The TSS without sericin showed better cell attachment than 
TSS without sericin. Similar to that of NSS with sericin, the TSS with sericin samples were 
found to have significantly less cell attachment after 96 hours compared with NSS without 
sericin. TSS without sericin was found to have statistically similar cell attachment after both 24 
hours and 96 hours to the positive control. PBS washed synthetic spider silk showed increased 
cell adhesion over synthetic spider silk without the PBS wash. However, both SSS sample sets 
were found to have significantly lower cell attachment after 24 hours and 96 hours than NSS 
without sericin. Overall, it was determined that TSS without sericin holds the potential to be a 
biocompatible material for use as an artificial Achilles tendon. Synthetic spider silk will need to 
be analyzed further for alternative production and/or washing methods to increase its 
biocompatibility potential. 
Final Device Design 
Below is a summary of the final device that is proposed to augment the repair and recovery of a 
damaged Achilles tendon. This device is composed of three subunits that, when combined, form 
the final proposed device. These three subunits are: the primary structure ( composed of silk), the 
metallic plug and pin for attachment to the calcaneal bone, and the 25 microneedles, adopted 
from the MyoCoupler, that are each composed of four splayed cords and allow for attachment to 
the muscle. Decision trees outlining general design directions taken throughout the project can be 
found in Appendix B. 
Primary Subunit Design 
The main subunit can be seen below in Figure 31 along with specific design parameters. The 
main subunit of the device will be composed of transgenic silkworm silk that is equal to or has 
greater quality to silk used for this project. This subunit will be composed of two, 50-cord 
bundles. Each cord is composed of 1,000 fibers , so the device has a total of 100,000 single fibers 
43 
within it. Based upon this project's investigation, a device can be constructed that will have a 
thickness of 7 .10 mm. For this subunit to match the stiffness of a natural Achilles tendon, the 
single bundles need to have 4 turns over a 10 cm length and the total device should have 4 turns 
over a 10 cm length as well. This parameter is defined this way because of the variation that may 
be present among patients or each patient ' s injury. Some individuals simply may not require as 
long of a segment as others , but as long as the twists are executed as defined above , the stiffness 
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Figure 31. The main subunit for the final proposed device. 
Bone Attachment Design 
The next subunit that is necessary for the implementation of the complete implant is the 
attachment method for the bone-tendon interface. This subunit can be visualized below in 
Figures 32 and 33. This design criteria was satisfied with the use of a hollow plug that is 
composed of porous titanium or tantalum and a locking pin that will hold the primary subunit 
together with this attachment subunit. The porosity is crucial to the design and has a dual 
function; it allows for the ingrowth of osteoblasts and matches the modulus of the metal to that 
of bone. The interior hollow space of the plug should be equal to the diameter of the primary 
subunit. The external walls of this plug should have a thickness around 2.2 mm. The top of the 
plug is chamfered with a 60 degree angle to allow for easier insertion into the drilled bone hole. 
At the bottom of the plug, there is a small notch that is present for the locking pin. This pin will 
have the primary subunit wrapped around it and then lock into the main plug for fastening of the 
primary subunit. This pin should be composed of the same material as the main plug and have 
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appropriate dimensions. The dimensions provided below in Figures 32 and 33 are for the 
proposed device but could easily be modified depending on the situation or use . 
~~7.IMM 
~{lll l.5MM 
Figure 32. The main plug for bone attachment. 
Muscle Attachment Design 
Figure 33. The locking pin for bone attachment. 
The last subunit that is a component of the final design is the muscle-tendon interface that is 
constructed from the frayed ends of the primary subunit and microneedles . These frayed ends are 
collected into 25 microneedles, each one containing four frayed cords. The length of the 
proposed microneedles are 50 mm but these could be varied depending on the needs or 
applications (Melvin et al., 2003). These microneedles are then used to fasten the primary 
subunit to the existing muscle complex and repair the existing damage to native tendon. A 
visualization of this subunit can be seen below in Figure 34. Following the integration of these 
frayed cords and the repair of the native tendon, the needles are neatly removed from the device 




Figure 34. A single microneedle and cord complex for muscle attachment. 
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Fully Assembled Device and Implantation 
The three subunits that were described and visualized above will be compiled to form the final 
proposed device . Figure 35, below , demonstrates the final design with all components 
assembled. Figure 36, seen below , attempts to visualize how the final device will be implanted 
for the repair and augmentation of the damaged Achilles tendon. The plug will be inserted into 
the heel bone and then the twisted silk device that wrapped around the locking pin will be pulled 
through the plug until it locks. The MyoCoupler design is then used to attach the device to the 
appropriate muscles for a complete rupture. For a partial rupture the MyoCoupler will be used 
for attachment and tendon repair. This will result in the implantation of an artificial tendon , 
derived from transgenic silkworm silk, that will allow the native tendon to recover quicker and 
with less complications by preventing scar tissue formation by allowing early use of the injured 
area. 
Figure 35. A complete assembly of the final device. 
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\ 
Figure 36. The proposed implantation of the final device. 
Design Evaluation 
The stated design steps resulted in the production of an artificial tendon device that is composed 
of transgenic silkworm silk and mimics the desired properties of a natural Achilles tendon . For 
the purposes of this project, a final design consisting of two, 50-cord bundles made of transgenic 
silkworm silk was decided on. The yield strength of this device remains near or above the target 
value of 2904.6 Nor 652.9 lbf. for a native Achilles tendon, under static and dynamic loading 
conditions. Through the testing of various twisting methods, it was confirmed that twisting or 
cabling leads to decreased stiffness of the device. This trend was also conserved across the 
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amount of bundles being cabled. Because of this relationship, it was decided to use the minimal 
amount of bundles in the final design. The criteria to meet a stiffness value of approximately 
237.6 N/mm or 1356.7 lbf./in, which is the average for an Achilles tendon, was also achieved 
under static conditions. However, due to the dry DMA testing capabilities the desired stiffness 
value was not maintained during cyclic loading. The stiffness value for the device increased 
significantly to about 300% greater than the target value. It was determined that the initial 
design criteria for yield strength and stiffness were achieved given specific conditions. 
Having matched the criteria for yield strength and stiffness, the evaluation of the design 
parameters had to be considered. It was determined that a device could be produced of any 
length as long as the stiffness was maintained through cabling. The final device could easily 
reach the total tendon length between 11 7 mm and 190 mm for an average Achilles tendon but 
this length would be excessive in most cases. With regard to cross-sectional area the average 
Achilles tendon is usually around 58.00 mm2 to 60.78 mm2• The cross-sectional area for the 
proposed final device with a diameter of 7.10 mm is approximately 39.59 mm2, so the final 
device is superior to the native tendon when considering this dimensional parameter. The 
transgenic device constructed had a diameter of 7.72 mm but this was due to it being constructed 
by hand. If a mechanical manufacturing process was implemented the cord diameters could 
easily be made to match that of the purchased silk. The thickness of the final device is greater 
than the average thickness for the tendon, which is reported at 5.1 mm; the final device offered 
here has a thickness of 7.10 mm which is almost 40% thicker than a native tendon. This size 
constraint will lead to a partially crowded ankle if implanted but should still allow for proper 
functions. An opportunity for the team to visit the university's cadaver lab resulted in actual 
measurements being taken to determine the space available for implant. Between the Achilles 
tendon and the leg bone is a void space that was measured to be between 10 mm to 12 mm. 
From this small sampling, it became evident that the device would fit properly in the body even 
though it was thicker than a native tendon. The dimensions that are required to mimic the native 
tendon were matched with respect to the length, surpassed with respect to the cross -sectional 
area, and slightly too large with respect to the thickness but it was decided that this was not a 
critical issue. 
This slight shortcoming on dimensional parameters led to the investigation of the ideal synthetic 
spider silk device and its parameters. If synthetic spider silk could be produced that matched 
native spider silk mechanical properties and had the equivalent diameter to a silkworm fiber 
(11.9 µm), only 12 cords would be required for a final device. This device would then have a 
thickness around 2.8 mm. If this device was possible then all aspects of the dimension criteria 
would be surpassed in the design. A comparison of the native tendon and devices can be found 
in Table 28. 
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Table 28. A comparison of dimensions for a native tendon, current proposed device , and 
optimized device 
Single Fiber Diameter (µm) N.A. 12 12 
Cords N.A. 100 12 
Diameter (mm) N.A. 7.1 2.8 
Thickness (mm) 5.1 ± .6 7.1 2.8 
Length (mm) 190 ± 29 25 + 25 + 
CSA(mm 2) 62 ± 12 39.6 6.1 
Yield Point (N) 2905 ± 763 2934 2905 + 
Stiffness (N/mm) 238 ± 79 226 238 
Due to the inability to actually test attachment methods , the attachment methods for the final 
device are primarily literature based. The decision to select specific methods and designs was 
based upon their documented successes , relatively non-invasive properties , and ability to be 
easily integrated with the primary subunit. A bone plug device with locking pin will be used for 
the bone-tendon attachment. The porosity of the bone plug allows for bone ingrowth, making this 
procedure , ultimately , less invasive. The tendon-muscle site will be attached using the 
Myocoupler technology. This method is a,lso non-invasive and has been shown to be 
significantly stronger than traditional suturing techniques. 
The original desire to determine which types of silk were suitable for cell attachment was 
explored and the biocompatibility of each silk type was determined with respect to degummed 
silkworm silk. Sericin free native silkworm silk was used as a control because it is already a 
well-accepted material for biocompatibility. Qualitative analysis confirmed the hypothesis that 
silk with sericin removed shows similar or increased cell attachment and growth. Synthetic 
spider silk produced in an HFIP based dope shows increased cell attachment when washed with 
PBS but is not considered biocompatible when compared to the control. It is clear from the data 
collected that the silkworm silk used to construct the device should be sericin free to encourage 
the greatest cell attachment and growth while limiting host response . 
Communication of Results 
During the course of this design project , progress was communicated to Dr. Taylor via weekly 
reports outlining the work from the previous week , work for the current week, the goals for the 
coming week, and updated Gantt charts. In December 2013 , the final findings and conclusions 
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were presented to Dr. Taylor and others in the Biological Engineering Department. The final 
report above along with a presentation was submitted upon completion of the project. 
Findings could also be presented at various conferences such as the Institute of Biological 
Engineering-Western Conference at Utah State University (USU), the annual Synthetic 
Biomanufacturing Institute (SBI) Conference, potential investors, and the National Conference 
on Undergraduate Research (NCUR). Events such as the USU Student Showcase will also 
provide unique opportunities to share results. 
Benefit of Project 
The findings from this project have provided insight to the viability of using silkworm silk and 
synthetic spider silk for biomedical purposes and applications. This study will hopefully lead to 
the enhancement of tendon repair surgical techniques that are performed in tandem with 
biologically derived synthetic implants and grafts. Also, if key parts of this design are true and 
applicable, this will lead to greater surgery success rates and decreased recovery time with 
tendon use being available shortly after surgery. Some testing of this final device are still 
required though. This project, will in tum create more interest and opportunities, which then 
benefit research, the university, industries, and patients. 
Description of Personnel 
Student Personnel: 
The project had three distinct areas of focus: mechanical properties analysis and design, 
attachment of design, and biocompatibility studies. All members equally shared the 
responsibility and tasks of these three distinct design areas. This division of labor was 
constructed to prevent communication errors and maximize the knowledge about the designs for 
all members. 
Thomas Harris focused on the mechanical designs and the testing of these designs to achieve the 
specified design criteria. He also contributed to the development of the biocompatibility testing, 
the selection of the various attachment methods, and the drawings of the final sketches. 
Neal Hengge focused on the completion of the biocompatibility testing and the interpretation of 
the results. He also contributed to the development of the mechanical designs and the potential 
attachment designs and the feasibility and application of them. 
Federico Rodriguez focused on the attachment designs and the appropriate design for the final 
device. He also contributed to the completion of the cyclic testing, the interpretation and 
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analysis of the varying results, the mechanical designs and the associated parameters, and the 
development of the biocompatibility testing. 
Faculty Personnel: 
Dr. Randy Lewis was our main advisor and provided oversight of the project as a whole. His lab 
at the Utah Science, Technology, and Research (USTAR) Synthetic Bio-Manufacturing Center 
(SBI) provided the necessary lab equipment to carry out the majority of the work for this project. 
Justin Jones provided technical support and background for the use of lab equipment and the 
spinning of synthetic spider silk. 
Dr. Michael Hinman provided the expertise in the area of the properties of synthetic spider silk 
and other technical support. 
Dr. Soonjo Kwon and his visiting scholar, Jeong-Sun Chun, provided education and training with 
matters of the cell cultures and biocompatibility testing. 
Dr. David Britt provided knowledge regarding biomaterials and their mechanical properties for 
testing purposes as well as some suggestions for biocompatibility testing. 
Dr. Terry Finlayson and P.A. Shaun Peterson provided us with knowledge of orthopedic 
implants and potential attachment methods. 
Dr. Andy Anderson graciously provided us with access to the university cadaver lab and related 
resources. 
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